INTRODUCTION
sp. PCC6301 (12) . In the Synechococcus strains, cynS was transcribed as a part of an operon together with cynABD, encoding a ABC-type cyanate transporter, while in Synechocystis it was co-transcribed with four molybdenum-cofactor biosynthesis genes (17) . Transcription of the operon was negatively regulated by ammonium and required the presence of NtcA, a global nitrogen (N) regulator of cyanobacteria (17) . Comparative genomics of marine cyanobacteria revealed cynS in the majority of Synechococcus (29, 34) and in some Prochlorococcus (13, 36) . The physiological and ecological roles of cyanase in marine cyanobacteria have not yet been elucidated. In the presence of a specific transporter, cyanase may play a role in cyanate assimilation. Marine cyanobacteria strains that possess the cynABD genes, encoding an ABC-type cyanate transporter, grew at near maximal growth rates with cyanate as the sole N-source (20) .
The CynABD complex was recently shown to also contribute to nitrite uptake in Synechococcus elongatus PCC7942 (25). Conversely, transport systems for CO 2 , and SO 4 2- do not contribute to cyanate acquisition (12) . The great majority of cyanobacteria that contain cynS in fact lack the genes for cyanate acquisition, suggesting a role for CynS in detoxification of internally generated cyanate, which accumulates as a byproduct of the urea cycle or via the degradation of carbamoyl for comparative genomic context study, alignments, and phylogenetic analyses was Phylogenetic relationships were analyzed with MrBayes 3.1 (18) , with nucleotide frequencies and parameters for the GTR + gamma invariant model estimated from the data. Two independent runs of four chains were run for 2 million generations and sampled every 100 generations; comparison of parameter estimates from the two runs indicated convergence (15) . The secondary structure of CynS and CynH was determined by the Jpred Prediction Server (   118   119   120   121   122   123   124   125 www.compbio.dundee.ac.uk/www-jpred/). 126 two-step reverse transcription PCR analysis. For the first step, a standard reaction was applied with the gene-specific reverse primers listed in Table 1 . Subsequent PCR reactions with specific primer sets were performed in a final volume of 50 μl containing 1-2 μl cDNA, 0.5 μmol L -1 of each primer, 0.25 mmol L -1 of each deoxyribonucleotide triphosphate, 1.25 units of Taq DNA polymerase (PEQLAB), and 10x PCR buffer containing 15 mmol L -1 MgCl 2 . Using a PTC200 Thermo Cycler (MJ Research Inc.), the reaction mix was preincubated at 94 °C for 5 min followed by cycles of denaturation at 94 °C for 45 s, primer annealing for 30 s (see Table 1 for primer-specific temperatures), and elongation at 72 °C for 45 s. Samples of 6 μl were promptly collected after 20, 25 and 30 cycles. Equal volumes of PCR products from the three sets (20, 25, and 30 cycles) were run on 1.5% agarose gels and visualized with ethidium bromide (Sigma). ImageJ analysis software   (   137   138   139   140   141   142   143   144   145   146   147   148 rsbweb.nih.gov/ij/). Density of EtBr stained amplicons on 1% agarose gels bands was determined the three subset of samples, but always before saturation of the PCR amplification was reached ( Fig. 1.) In the rare case of early saturation, cDNA was PCRamplified for 16-18 cycles instead. Reference genes in RT-PCR analyses were PMM0615 of Prochlorococcus sp. MED4 (cell wall hydrolase/autolyin, COG0388) and orf0250 of Synechococcus sp. WH7803 (Ycf48-like photosystem II stability/assembly factor, COG4447). These genes were chosen as they are part of the cyanobacterial core genomes and do not alter their transcript level as assessed by micro-array (Zer, Singer and Post, unpubl. data Abcam) diluted 1:1,000 was added and incubated overnight at 4 °C, then washed with TTBS buffer and exposed to a blocking buffer containing peroxidase-conjugated antimouse-IgG secondary antibody (Jackson ImmunoResearch Laboratories Inc.) diluted 1:5,000. Chemiluminescence detection was carried out with the EZ-ECL Enhanced Chemiluminescence Detection Kit for HRP (Biological Industries Ltd.) using a LAS-3,000 Image Analyzer (Fujifilm).
Quantification of gene expression level was performed with

Purification of recombinant protein
Purification of CynS-MBP, CynH-MBP fusion proteins and MBP was performed using amylose resins (E8021) according to New England BioLabs protocols. In brief, cell pellets were resuspended in 1/10 culture volume of phosphate buffered saline (PBS, 0.05 mmol L -1 , pH 7.6) complemented with 0.2 mg ml -1 lysozyme, 0.05 mg ml -1 DNase, 10 mmol L -1 MgCl 2 , 1 mmol L -1 DMSF, and 1:200 protease cocktail inhibitor, and cells were disrupted by sonication. After centrifugation at 10,000 g for 15 min, the supernatant was mixed with the amylose resin, and after binding for 1 hour at 4 °C, the column was washed gently with PBS buffer. Recombinant protein was eluted following the addition of 10 mmol L -1 free maltose in PBS buffer. (4).
RESULTS
Phylogenetic analysis
Cyanase, encoded by cynS, is a well characterized enzyme in E. coli. Orthologs to cynS are commonly found in a wide range of microorganisms, including marine unicellular cyanobacteria. In an attempt to better define cyanase evolution in cyanobacteria, we performed alignments and phylogenetic analyses of both genomic and environmental CynS sequences. Among 12 marine Synechococcus genomes, 11 were found to possess one or more cynS orthologs. The only Synechococcus lacking cynS was WH5701, a strain representative of halotolerant (43), estuarine
Synechococcus, ancestral to marine Synechococcus. Among 12 Prochlorococcus genomes only three carried a cynS ortholog (20) . Fig. 2 shows an alignment of translated cynS sequences of Synechococcus and Prochlorococcus along with cyanase of E. coli.
With an overall 37-44% identity, the alignment revealed a higher degree of sequence However, despite the cynABD and cynS organization as an NtcA controlled operon, the authors reported that cynS was not differentially expressed (40) . In Synechococcus sp.
WH8102 cynABD and cynS are separated by 1,932 bp with two putative open reading frames (SYNW2488 and SYNW2489) between them. A putative NtcA binding site was found upstream of cynA but not of cynS ( Fig. 4 ), suggesting that cynS transcription may be uncoupled from N stress responses in strain WH8102. Likewise, the promoter region of cynS in Synechococcus sp. WH7803 lacked an NtcA binding motif. Here we aimed at confirmation of the microarray result for ntcA, cynA and cynS in N-starved Prochlorococcus sp. MED4 by RT-qPCR. We further expanded transcription studies of these genes to cells supplemented with different N-sources ( Fig. 5 ). We further monitored cynA and cynS responses in two Synechococcus strains, in an effort to tease apart their contribution to N-scavenging (uptake and conversion of cyanate to ammonium and CO 2 ) and detoxification (cyanate conversion only) pathways. ntcA transcript levels, of cells maintained under different N regimes, increased with time before reaching a maximum after six (cyanate, urea) or nine hours (nitrate, no N) of incubation, as compared to basal levels in the presence of ammonium. We found as a general trend that during the first 9 hours the transcription patterns of cynA and cynS followed that of ntcA in Prochlorococcus sp. MED4, indicating that their transcription occurred in response to changes in N-source and/or its availability ( Fig. 5 A-C) . After 9 hours the transcript had reached steady state levels or decreased in all treatments. In Synechococcus sp. WH8102, the transcription pattern of cynA (Fig. 5D ) was similar to that in Prochlorococcus sp. MED4 (Fig. 5A ). However, increase of cynS transcript was minor and no clear pattern could be discerned in any of the treatments (Fig. 5E ). In Synechococcus sp. WH7803, basal transcription of cynS was determined in cells grown with ammonium. After 3 hours, cynS transcript accumulated in cells grown with nitrate, urea, or in N-free medium. However, in the cyanate-grown culture, transcript levels decreased after 6 hours and returned to levels seen in ammonium-grown cells. After 12
hours cynS remained strongly transcribed in N-starved cells only (Fig. 5F ). Fig. 6 illustrates the parallel pattern of cynA and cynS transcript accumulation observed for was identified as a cyanate hydratase (= cyanase) in the automated annotation pipeline (Fig. 4) . The predicted amino acid sequence appeared unique and orthologs were found in 7 marine Synechococcus genomes as well as on a clone GRIST19 from a metagenomic library obtained from the Atlantic Ocean (GenBank accession EU795157).
Synechococcus CC9311 was found to possess two copies of cynH. Sequence comparison revealed no significant similarity between known CynS sequences and the short protein encoded by cynH. Moreover, CynH could not be assigned to a functional protein family, since no known structural domains were identified in its amino acid sequence by SUPERFAMILY 1.73 (45) and Phyre Server 0.2 (23). In the sections below we describe experiments pertaining to cyanase activity associated with overexpressed fusion constructs of WH7803 cynS and cynH.
CynS and CynH over-expression
Over-expression of the CynS-MBP and CynH-MBP fusion proteins in different E. coli hosts following IPTG-induction was found to be optimal in E. coli strains HMS174 and Rosetta™ pLysS respectively. The recombinant proteins were purified on amylose resin and protein presence in the elution fraction was confirmed by SDS-PAGE ( Fig. 7) . Following elution purified fusion proteins appeared as a ~50 kDa peptide for CynS-MBP while apparent molecular weight of CynH-MBP was slightly smaller, around ~48 kDa. Both were in close approximation of estimated molecular weights for Synechococcus sp. WH7803 CynS (14.3 kDa) and CynH (6.2 kDa) fused to MBP (42.1 kDa). Purified fusion proteins appeared as a single band following the second elution off the maltose resin (Fig. 7A, B) . We confirmed identity of the purified protein by immunoblotting with monoclonal antibodies against MBP (not Aliquots of the second eluted fraction for both fusion constructs were subsequently tested for cyanase activity. Measured as ammonium liberated from cyanate, cyanase activity of CynS was maximal (5.56 U mg -1 ) at 26 °C, and rapidly dropped to 50% of this maximum activity at both higher and lower temperatures (Fig. 8) . The protein became rapidly inactive at higher temperatures and only residual activity (0.09 U mg -1 ) was detected at 50 °C (Fig. 8 ). Furthermore, we report here on a distinct cyanase activity associated with the gene product of cynH, identified as a cyanate hydratase in genome annotations, a characterization that so far lacked experimental evidence. In general, cyanate dependent ammonium accumulation rates were similar to those obtained with CynS: highest cyanase activities (5.87 U mg -1 ) were measured at 26 °C and activities Na-azide (Fig. 8) .
DISCUSSION
Cyanase serves several functions, the most pronounced being the detoxification of cyanate generated in various metabolic pathways (8, 38) . Besides detoxification, microorganisms employ cyanase in the assimilation of cyanate from the environment. E. coli transports cyanate into the cell via a cyanate permease encoded by cynX (2, 37) .
Cyanobacteria utilize cyanate following its acquisition via an ABC-type transport system (12, 20, 27) . It has been proposed that cyanate and urea play an important role in the N cycle of marine oligotrophic environments (20) . In this study we characterized the evolution, marine distribution, and transcriptional regulation of cynS (cyanase) and the activity associated with its gene product. We further report on a novel cyanase encoded by cynH in marine Synechococcus.
CynS tree topologies show cyanobacteria as a well defined branch emerging at the base of the bacterial lineage. Cyanase was found in Synechocystis sp. PCC6803 (22), Synechococcus elongatus PCC7942 (42), the filamentous diazotrophs Anabaena sp.
ATCC29413 and Nostoc sp. PCC7120 (11), Synechococcus spp. PCC7002 and PCC7335 from brackish, estuarine waters (32), toxic bloom-forming Microcystis (21) and members of the unicellular marine Synechococcus and Prochlorococcus (this study). >60% of the GOS-derived cyanase sequences were identified as cyanobacterial. This includes ten clones from a hypersaline lagoon that clustered with Synechococcus sp. RS9917, a euryhaline ecotype (7, 14) . rRNA, ITS and ntcA (14, 24, 31, 33, 36) , and branching was supported by strong posterior probabilities. Based on these observations, we suggest that cynS was common in ancestral cyanobacteria and cynS was lost from many modern cyanobacteria. Our tree topology suggests that the importance of lateral gene transfer (LGT) of cynS was minor, however it might occur among related species. Thus, the estuarine Synechococcus sp.
PCC7002 carries two cynS orthologs that share 74% identity at the amino acid level (Synechococcus PCC7002a and b in Fig. 3 ). Synechococcus PCC7002a, encoded by a stand-alone cynS gene, clustered with CynS of the endosymbiont Acaryochloris marina MBIC11017, which is ancestral to Synechococcus sp. PCC7002 (3, 39) . The Synechococcus PCC7002b homolog is most closely related to CynS of Synechococcus sp.
PCC7335, and partakes in an NtcA-regulated cynABDS operon, very similar to our observations for Prochlorococcus MED4. Thus, the cyanase gene is involved in lateral gene transfer, suggesting that different CynS may carry out distinct functions in the cyanobacterial cell. We propose that CynS by itself may provide the cell with means to detoxify internally generated cyanate, whereas the cynABDS operon encodes the utilization of external cyanate. The presence of two cyanase homologs on a single genome suggests that both functions play distinct roles in the N-metabolism and Nassimilation of cyanobacteria.
In an attempt to set apart the cyanate detoxification and utilization functions of cyanase, we studied transcriptional regulation of cynS and cynA alongside that of the Nregulatory gene ntcA. In Prochlorococcus sp. MED4, in contrast to Synechococcus sp.
WH8102, cynABDS genes showed coordinated expression in response to N deprivation ( Fig. 6 ). This is in agreement with the gene arrangement in the strains examined (Fig. 4) .
In Synechococcus sp. WH7803, which lacks the transporter genes, N-independent regulation of cynS was observed. This implies that cynS in Prochlorococcus sp. MED4
takes part in utilization of external cyanate, while the presence of cynS in Synechococcus genomes indicates a requirement to detoxify an intracellular cyanate. There are several possible sources for the intracellular cyanate in cyanobacteria. A substrate of the urea cycle, carbamoyl phosphate is known to decompose spontaneously to cyanate and phosphate (2) . Urea undergoes spontaneous transformation to cyanate by an isomeric change (6, 26) . The origin of urea in Synechococcus and Prochlorococcus cells is unclear, since they lack the arg gene product that facilitates urea hydrolysis (36) .
However, marine cyanobacteria may convert excess arginine to spermidine by sequential In an attempt to confirm cyanase activity by CynS from unicellular marine cyanobacteria, the cynS was cloned as a fusion construct with MBP (CynS-MBP), overexpressed in an E. coli background and subsequently purified on amylose resin.
Using enzyme assays, we clearly identified CynS as a functionally active cyanase.
Similarly to cyanases described in other studies (2, 11, 41) , the CynS-MBP construct showed bicarbonate-dependent cyanate degrading activity that was inhibited by Na-azide, the latter preventing binding of substrate to the holoenzyme (41). Cyanase activity was also confirmed for a short peptide, product of an ORF that was tentatively annotated as cyanate hydratase, and we propose to rename this ORF as cynH. The identification of an additional cyanase raises questions about its origin and physiological importance. The cynH gene was found in seven marine Synechococcus genomes as well as on the metagenomic clone GRIST19. Although located on the same genomic region, cynS is separated from cynH by 210-244 bp and is transcribed in the opposite orientation (Fig. 4) .
It is unlikely that cynH resulted from (partial) gene duplication as its amino acid sequence does not align with any part of cynS. The two genes are thus paralogs. Nine cynH sequences shared a high degree of identity in the C-terminal half (Fig. 9B ) similar to
CynS, suggesting that the catalytic domain of CynH is confined to this region. The catalytic site of CynS contains Arg (R), Glu (E), and Ser (S) residues (41) in a configuration conserved across members of the bacteria, fungi and plants (11).
Interestingly, we identified three fully conserved amino acid residues in CynH, identical to those of CynS, and their configuration is reminiscent of the active site of CynS.
Moreover, secondary structure predictions indicated the presence of an α-helix followed by a short β-sheet in the C-terminal domain of CynH in agreement with the secondary structure of the C-terminal domain of CynS (41) (Fig. 9A, B) . No reliable prediction for tertiary structure of CynH is available due to the low similarity to any known protein and a lack of defined motifs. The dual role the cynS and cynH genes in marine Synechococcus remains to be clarified. WH7803. 50 μl samples were run for 30 cycles, and 6 μl subsamples were collected at 5 cycle intervals. PCR products from each cycle set were run on a 1.5% agarose gel and visualized by staining with ethidium bromide. Band density was determined for the set in which subsamples had clearly not reached saturation phase (arrow), assuming that they most closely resembled the phase of exponential amplification. 
